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Michael Mendillo and Jcff Baumgardner
Department of Astronouny
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ANSTRACT

Rockets, buruning whbove 200 ki altitude, release exhaust vapors which react
chraoically with the pleospa comprising the F-reglon ioneavherc. The two malor
types of atmospherie modification produced by rocket  exhaunut  are: 1) the
formation ef large scale {fonospherte holes, and 2) the enhancement of the
airplow emissions. The fonospheric holes are repgtons tens of kilometers in
dlameter  where the plasma concentrotion can bLe raduced by a factor of Len or
mores  Dlasma Ltastabllities woy produce frrepularities at  the edges of  the
holes. Communication and navigation syastewms  relying on radlo propagation
through the rodified lonosphere way be avffected  Alrplow  cnhancoments  are  a
result  of vxelted neutval spoctes bolup produced by ehemieal reactions between
the recket exhaust and the fonospherte plasmas For cuzample, the 6030 o line
from atomlic oxyesu way  dnercase tweaty-told  fa Intensity over the ambfent
Tevel.

Tirds paprr review experimental observatlons and theoretical treatments  of
Tonospehrie vodftication produced pas roleases Tu the upper acsosphere.  Becent
cxperimental neaaremeats ol the donosphioctie wodidteation by s ATLAS=T  Launeh
vehicwe will be preseatods The plans Tar Totnre evperfnents will be dinevssed.

Tncrodnet jon
Foture, facreased aettvit s fa space probably vegqulees She S hringe o o bet
copines dn the Fereglon boaonplhercs Sech copiae burast can couse 4 Yar,, neale,
Lemporary  reduct{ons (o the  Lonesphevic plaipa coneentiacton. This paper

desariben oxperfoent ol and theovecteal  Gradten tedatod to fonosplhierie
deplettons produced by okt cahonst vaperse Plrest, o history of aeefdental
and »Taomed hservatious of fononpue st "holon" o pProesentsd, Becond,  the

thoorertent  wort  whifeh b been develToped to explata foannplier te madin eat Tog
FioontHineds Loty vew meazanerents of Tones phiet fe wotid featfens wae doedng a
Sequenee ol ATLATF Lounche. s roepertaedd.

HY ot vy

Faperfmeatal  cbheervat tones o fonoopla fe dep ot tons can e e bt o
clther DY baovinent of Opportanlty or Y Dedieated Pypertnenta (Table 1),
The  wnpertmaa o cpportentte Pavalve croncd barod o scasnrewent s of Voo fon
st banees et i troom roch ot eneiae Py bees ohoy e J00 T alt e, The
carbfeat gepose ot ek o diatmbance was iy Peod oy ! vith the Laaaciv of VY ooneard

Tho A rarat o ol sevh eventn vene teposted heteen P9 Lt LN (doe



Table 1I). At this time, the ionosphuric disturbances were attributed to the
displacement of the ambilent fonosphere by the rocket cuxhaust vapors.

Interest in ioraspheric modification was ve-awakeued with the observations
reported by HMoendlilo et al.” of a 50% reduction in integrated electron
concentration (i.c¢., eleceron content) after the launch of Skylab I. This event
wasz remarkable  buecgunn the  offect was observed over a cegion of 10° square
kilometers. The currently aceeprod theory of {onospheric modification involves
chewdcal reactltons of the rocket exhanst with the rocket exhaust vapors. The
erperiments of opportunity fn Table T from 1978 to the preseant have be:n  large
campalpgns 1nvolving larpe numbers of eptical aud radio dlagrostics.

The dedicoted  experinents  Uisted {n Table T vere motlvated, in part, by
the observations of rvochot effects, Ther small  release during  the PFiceflly
sorfes  of (-:\'p(\ril:wntz‘." fa 1962 was anfortunately too small teo be unarhisuous.
The 1Tater Lagopedo, Waterhole, BIME and Spacelab 2 experiments have  (or will)
yleld sipolficant  ustug both In o sito and pround bosed diagnosties. For a
dencreiption of the Lagopedo experinents see (FPongratz et ale’ye The results of
Waterhole T oare dlscosscod by Yoo ot ale 7o The plae, for BIME are presentved by
Sredstt ard for Spoevelan 7 are presented by Mendilo and Feroharde
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.
Theory

Ucuplete simular® n of the respouse of the upper atmosphere to the release

of u:hemically react: vapors r:qulres a model which inceorporates (1) Neutral
Gas Txpansion includin the effects of coudensation conllisional heating,
dirfusien in a reacty - nenuniform envirounrent, and traansport via winds; (2)

Plisma Dyvimics including interhemispherical £1lov along magnetic field lines
and transport due te ele trie ficlds and winds; (3) Chemical Coupling between
the iajected nentrals and t:e anbient plasina atmosphere; (4) Thermal Processes
in the Yodified Ionosphere deseribing the changes 1n lon and electron
tenpuratures; (5) Prodection of excited specles which will radiate Alrglow, aad
(6) Cradient Drift Mechanisms for creation of plasma inastabilities.

Condencarian

Fatimation of  the degree of condensatfon Ta vapor releases is inportant
for several reasous.  Flrst, knowledpe of the awovnt of material which  rermalps
{n vupnr form 15 necensary ro prediet the rcousequencos of the release. TFor
cxanple, noatralizattion of fonoanpheris plasma Tuvolves the chenfeal reacelon of
the rveleased pas  with 0" fous Ln the Felayere A hiph depree of condensation
reduces the anount of matevial o vapor form  ood,  consequently,  lHwits  the
cffect on the fonosphere,

Theoraet {eal  compatat lnn:’;‘ v eondensation (o rocket  exhianst have heen

Al o -
condueted by Bercharde ot ale s Table 11 pdves caleulated  pesnles for the
Saturn VO U=2 0 eqptae, the Soace shattle mala enpdne and the Spacee Shottle

Orbital Maoeuveriay Subaysoem (0M0) .

The condensatlon from explosive veleases, suach as used davioag Lagopedo an!
Uaterhiole, has bheon eatfimated to be 100 perceat,  based  on o photopraphitr
chrervat fone Spectroncople reanurenent s darine Layopedo 1 fllnstrates o
hroadened  enbancemient in the  optieal  Intensity seconds after the explosive
telease (Flonee 1) Thts Ta o et of sanlf{pht seattertoy off of  the  woter
molvenle  elanters. the tondividaal spectral Tones are doe to enlsatons fron
cloctronteally and vilrattonally exefted Ha, O and O (Table 111,

DIt Yo cbve Fuxpanaten

The  eopanslon ol the injected coalaannt I e Led uning the
thive sHeoeastonal shealat ion deserithed Yy Fernhande Faarmples "
corgt st tons tor velene Prom o Satwen Ve AT tustrated in Fipure e The
dicerthut ton o o exhamr vapear o three dhnenstons and time aae corgaated ol

Sboreal Lo Y paead by il‘i‘.l-.‘.i‘ll! e e .
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Table II
Exhaust Condensation

Engine J=2 SIME oMS
Exhaust Speties Hy0, 11y HA0, 1, o0, Ha, Ng, COa, CO
Mass Frac..on of 052 . 9064 .236

o0 in supply

Nozzle fxit:

Fressure (Torr) 125. 4 294 .7 7.76
Temperature (K) 1417 1278 921
Final Mass Fraction 0.24) esl2 0.0

nof Condensace {(kg/kg)
Cluster Radfus (lO’lUm) 9.42 504 2.02

Standard Deviatlon [n 0.4 3.0 0.3
Cluster Radft (10_‘0m)

Cluster Temperature (R) 1A7.2% [48. 11 100.77
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Table III

Lagopedo I Spectra Identification



Chemistry
The generic reactions for plasma ueutralization by rocket exhaust are:

Ton-Molecule Reaction
XY + 0% » X0t + Y rate: B
lon=Rlectroun Dissociative Recombination
X0 + e~ » X + 0% rate: «
Spontaneous Radiation
0% »0 + hv rate: A
Overali KReaccion
W+ 0t + 07 * X +Y+0+ LV

: 2. *
whore XY 15 a reactlve uolecular species such as 170, CO?', ', or Oil, and O is
an eclectronically oxcited oxypen atom.

Tenospl nrie Model

In the Fereplon tonnsphere, the planma o oa particular mognetle flux tube
Is constrained to remain fn that Llux tube;  coascequently, the lonospherice
calculatfous ave ouwer dimens{onal, the dinenston belopy the distaunce along a
mapnetic fleld lines Calculations are mede ddong a seqeence of  field  lines
which cross the Injected vapor cloudse  The computation rade on individual field
Liues are then asseubled Loto a three-dimenstonnl  pletave. This procedure
perofts high  resolution  conpntation  of  the {onospheric Fluctnations on one
fleld e or {n the magnetic mertdicon contatonlng many fleld lines or in a 3=D
reglon contafutng vany macnetfe morl-tianse  We have concueted expoerimeats wihleh
provide data that coutatns measarenents along a single fleld Hae or along  a
slple et of field tioea. This preatly shaphiiies comparison of modols with
theory.

The tovospherice medel hag been used to siealate the Lagopedo T experinent .,
Flgure f1ltaastrates the vlection contont  measarewents  wade Lrom an
tnstrumented rocket (whiteh rlew throngh  the doncspherie hole) Lo a pgrouvnd
stotfon at o Eauates Alse shown {n the Hpores are caleulatfons of the olecicon
capt ot assumtag 00 and 907 condensation tn the velecses

The megatirenent s and calenlattons for the oleetron content hetvern the
rocket  and Kanat o shew vews b be agreement o The requlred 0,0 condensat Lon
devmn Lo hoe between 0 and 507, Ve think  that  dtaerepancios  are  due to
uneeprtatotien  fn the poometry of o the crperfaent and veecartafnttos fo the
phyaical atate of the atmenphere.

Necout resceareh o fonnsaloerbe e e Hing, H hoan conafdered  the cfteectn of
vopor  veloanes on Lonospherice fnatalicittes e the weenet e cquator.s The
teloaaes may efthor tefeeer o da g oul the anotabd it tes. It vapers are
(l\‘,-'c‘l o Into 1] ot tonn L gt v bl Lo i)lll'l'!‘. the vert{es) |\|.’l.'.'.|\.‘l
praatents will e Taere vned. e daorabilrey mrowth o vare focreaen with
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steepening of the bottom side ionosphere. This growth rate 1s also dependent
on the recombhination cheunistry. The injection of exhaust materials 1n the
iorosphere increascs the lon-clectron recowbination, producing a raduction in
the instability growthe. Also, chemical releases produce a nonlinear reduction
in the amplitude of existing plasma irregularities.

Experimental Results

The Jaunch of the TIROS/NOAA series of satellites have provided a unlque
opportunicy to observe dircctly the cffects of rociiet exhaust on the F-region.
Table IV 1ists trthe last four launches of the TIROS serles. FEach launch
employrd an ATLAS=F burning from the g¢round up to 420 km altictude. The
cormposition of the exhaust 1s given in Table V.

Electron content and optlecal weasavemestd were made at the locations
indicated on Figure 4. Only a sample of the results from NOAA-B  and  NOAA-C
launches are discussad here. The ec¢lectron content is determined from ViHF
slgnals from the ATS=1 geostationary satuellite.

Flaure 5 shows a comparision of electron content measurements made at o two
statfons  (RBorca and Lake Hughes). The coatent tine sequence is [dertical
except for a period orf two hours following the launch of  NOAA-B. A detailed
piot eof electren content varfatfons after the lauech Is [llustrated in Fipuves
6 ard 7. The effects of tae lwneh were recorded at a wide range of stations in
Californla, hKevada, aud Arizona. The lonospheric depletion rapidly forus wand
stave until the morning cunrise.

The «lectron content  moasureents  Jduring the  Iaunch  of  NOAA-C are
Ilbueiteated 1o Figoure 3. DMiferences in the rochet trajectory and the ATS-]
satell{te account fur shift In the Joeatlon of  the nmnaximuam redoction o
clectron content. Deviog the ROAA-G Taunch, chree statfons made ol tancous
cicetron content and alrglow ohaervatioes at 630.0 nm wavelenpth  (Flgure  9).
Carrent  theorecical  ware s atwed at comparlng these teo fadepeadent types ol
measurement «

Tahle 1V

ROAA SATELLTITE DAURNCHUS ARD BELATED OBSFRVATIONS

TIME HEASUREMENTS
atel b te Mg e T (") TG Alrplow
Tlios- o INVARYALL 1: LHRE! ] 0
POAL A NS [ RO Mt ] ]
LAY 0 TR PRI [0y i) u ]

NONA © VARV 1oy MR Y 1



Table V
ATLAS—F EXHAUST PRODUCTS
Species Deposgition .are ‘gi Reaction Rate Excited Species
(Molecules/sec) (em?/scc)
H 1.09 x 1026 6.8 x 10710 -—
0 0.27 x 1026 — —
ol 1.5 x 1026 3.0 x 10-10 o(lpy, o¢')
H,0 10.17 x 1026 2.1 x 1079 0(2p), o( s, ou(2cH
o 11.38 x 1025 <5 x 10°13 -—
co, 4.02 x 1026 9.5 x 10-10 o(%n), o(ls)
0, 0.30 x 10%6 1.0 x 10711 o(loy, o(ls)
Con:lusions

Siace 1959, it has becu kpown that the burning of rockets 1in the
iunoephere produces a detectable disturbance in the ionosphere. Recent work
hes established that ioun-molecule cheamistry plays a dominant role in the plasma
depletion process. Besides redueinn the plasma concentration, exhaust releaseas
lead to ailrjlow cnhancement and plasma instability quenching.

Fxperiments of Opportunity and Dedicated Fxperiments will continue to
provide a data base to test theoratical wodels aud to provide estirates of
auncropogente nodifications due to rocket engine firings 1in the upper
atmosphere. such  exprriments provide 1 better understanding of the chemical
and physleal procreses taking place {in our  fenosphere. While the primary
jurpose  of these soperiments s to monitor the fwpact the barning rockels have
on the upper atmospheric enviroament, such experiments also provide information
related to planctary atmnosphereda, plasna instabilities, field=-11ne coupling and
aleslow emission.
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